There is considerable interest in the characterization of novel tumor-associated antigens that lend themselves to antibody-mediated pharmacodelivery strategies. Delta-like 1 homolog protein (DLK1), which exists both as transmembrane protein and in soluble form, shows a restricted pattern of expression in healthy organs, while being overexpressed in some tumors. We have generated a human antibody specific to DLK1 using phage display technology. This reagent was used for a comprehensive characterization of DLK1 expression in freshly frozen sections of normal human adult tissues and of xenografted human tumors. DLK1 was virtually undetectable in most organs, except for placenta which was weakly positive. By contrast, DLK1 exhibited a moderate-to-strong expression in 8/9 tumor types tested. Our analysis shed light on previous conflicting reports on DLK1 expression in health and disease. The study suggests that DLK1 may be considered as a target for antibodymediated pharmacodelivery strategies, in view of the protein's limited expression in normal tissues and its abundance in the interstitium of neoplastic lesions.
Introduction
Monoclonal antibodies represent the fastest growing segment of pharmaceutical biotechnology products [1, 2] . At present, almost 80% of the worldwide antibody sales target only five antigens [3] , but there is a growing interest in the characterization of disease-associated antigens that may be used for the development of antibody-mediated pharmacodelivery and pharmacotherapy strategies.
Human DLK1 (protein delta homolog 1) exists as a transmembrane protein, but, upon cleavage by the ADAM17 protease, it may be released as a soluble protein [4] . The structure of DLK1 reveals six epidermal growth factor (EGF)-like extracellular domains, a juxtamembrane region containing the ADAM17 cleavage site, a transmembrane domain and a short intracellular region [5] . DLK1 has been shown to inhibit Notch activity, controlling a wide range of developmental processes including cell fate determination, terminal differentiation and proliferation [6, 7] . Both transmembrane and soluble forms of DLK1 are active [8] and are involved in adipogenesis [9] , muscle development and injury healing [10] , as well as in the development of liver [11] , lung and pancreas [12] .
In murine tissues, DLK1 is predominantly expressed in many fetal tissues and in non-differentiated cells, while being almost virtually absent from adult tissues with the exception of adrenal gland, as demonstrated by the expression analysis of DLK1 mRNA [9] . In human tissues, DLK1 expression is most pronounced in the embryonic period as well, exhibiting negative correlation with the increased level of cellular differentiation and fetal development [13] . In adult human tissues DLK1 expression is restricted to pancreas [14] and adrenal gland [15] , while being almost absent in other tissues [16] . However, DLK1 mRNA expression is also observed in ovary, testis, heart and pituitary gland [17] . DLK1 may also be expressed by some stem cells such as preadipocytes and neuron stem cells [18, 19] . DLK1 pattern of expression as well as its role in the Notch pathway implies antigen's involvement in maturation of several tissues. However, DLK1-null mice display mild phenotype with growth retardation, skeletal malformation and increase in serum lipid metabolites [20] [21] [22] .
As the dysregulation of imprinted genes may contribute to oncogenesis, up-regulation of DLK1, a paternally imprinted gene, may contribute to human hepatocellular carcinoma [23] and DLK1-positive patients have a shorter survival time [24] . The expression of DLK1 has also been reported in small cell lung carcinoma [5] , renal cell carcinoma [25] , neuroblastoma [26] , hepatoblastoma [27] , in myelodysplastic syndromes [28, 29] , pituitary tumors [30] , as well as breast, colon and prostate carcinomas [31] . However, other reports indicated a low DLK1 expression in pancreatic, breast and ovarian cell lines [32] . Expression of DLK1 in healthy tissues is predicted to be low, as indicated by mRNA analysis [16] .
DLK1 overexpression was shown to promote tumor cell growth in mice [23, 33, 34] . However, other studies have reported that exogenous expression of DLK1 may inhibit tumor growth in vitro [35, 36] . DLK1 expression is induced in hypoxic regions of certain brain tumors, possibly contributing to the invasive potential of cancer cells. The cytoplasmic domain of DLK1 appears to be particularly important for maintaining clonogenicity and tumorogenicity [34] . It seems that DLK1 can exert either oncogenic or tumor suppressor effect in tumor depending on its expression level and the effect it has on Notch signaling in a particular tumor type [7, 37] .
The Protein Atlas Project is the first genome-wide initiative aiming at documenting comprehensive protein tissue expression by means of immunohistochemical analysis [38] . In healthy tissues, various degrees of DLK1-staining were observed in pancreas, uterus, kidney, testis, nasopharynx, bronchus and cerebellum. Strong nuclear staining was shown in few cancer types and in only a small number of patients. However, the reported staining patterns were different, depending on the antibody that was used for the analysis. Indeed, three different antibodies produced concordant results only for the staining of the adrenal gland, while staining results were ambiguous for other normal tissues and pathological specimens.
DLK1 may be an attractive antigen for antibody-mediated tumor targeting due to its tumor-restricted expression pattern, as well as due to an often perivascular localization which makes DLK1 readily accessible via deregulated tumor vasculature [25] . In fact, vaccination of renal cell carcinoma-bearing mice against DLK1 elicited an immune-mediated elimination of DLK1-positive pericytes, blood vessel normalization and tumor growth suppression [25] . This report motivated us to generate fully human antibodies against DLK1 and to characterize staining patterns in freshly frozen tissue sections. Our laboratory has extensively worked on the use of vascular targeting antibodies for pharmacodelivery applications [39] [40] [41] .
Phage display technology is a powerful tool allowing for the isolation of fully human high affinity antibodies against virtually any target. We have recently described the generation of a large synthetic naïve phage display library containing 40 billion clones [42] . We used our libraries to generate a high affinity antibody, which recognizes human DLK1 in ELISA, BIAcore and on frozen tissues. An immunofluorescence analysis of human healthy tissues as well as human cancer xenograft specimens revealed that DLK1 is virtually undetectable in normal adult tissues, while being strongly expressed in neoplastic lesions.
Results and Discussion

Antigen Expression and Characterization
An extracellular part of the protein, comprising 6 EGF-domains and a juxtamembrane domain, was cloned as a fusion with the Fc portion of human IgG1 and expressed in HEK293-EBNA cells ( Figure  1a ,b and Supplementary Figure S1 ). The protein was purified from culture supernatants using Protein A resin, yielding preparations of acceptable quality for subsequent antibody selection experiments, as demonstrated by SDS-PAGE and FPLC analysis (Figure 1c,d) .
The mass spectrometry analysis confirmed the identity of the human DLK1 protein in the expressed DLK1-Fc fusion protein ( Table 1 ). The purified DLK1-Fc fusion protein was biotinylated and used for the selection experiments with combinatorial antibody phage display libraries.
Antibody Isolation and Characterization
A human monoclonal antibody (termed EB3) in single-chain Fv format (scFv) [43] , which strongly reacted with recombinant DLK1, was isolated from the ETH2-GOLD antibody library [44] after three rounds of panning (Supplementary Figure S1) .
The EB3 antibody was reformatted as a small immune protein (SIP) [45] . A monomeric preparation of scFv(EB3), as well as the same antibody in SIP format, were studied using BIAcore technology on a microsensor chip coated with the DLK1-Fc fusion protein (Figure 2, Supplementary Figure S2 
Immunofluorescence Findings
A two-color immunofluorescence staining of a panel of freshly frozen sections from human healthy organs was performed using the SIP(EB3) antibody (green) and DAPI staining of nuclei (blue). The study revealed a weak expression of DLK1 in placenta, while the antigen was undetectable in the remaining 19/20 tested tissues, including adrenal gland and pancreas, which had previously been reported to express the antigen [14, 15] (Figure 3) .
Freshly frozen human tumors xenografted in nude mice were stained with the SIP(EB3) antibody (green) and with an anti-CD31 reagent, which recognizes vascular structures (red). Immunofluorescence microscopic analysis revealed that 8/9 tumors were strongly stained for DLK1 expression (786-0, SKRC-52, U87, SKOV-3, MDA-MB-231, H460, Caki1 and A-375), while Ramos lymphoma exhibited only a weak staining. SIP(F8), a clinical-stage antibody specific to the alternatively-spliced EDA domain of fibronectin, was used as a positive control. The F8 antibody exhibited a strong staining in 9/9 tumor xenografts, as expected based on previous reports of our group [39] (Figure 4 ). In addition, SIP(KSF), an antibody specific to hen-egg lysozyme and thus serving as negative control, did not exhibit any detectable staining in both healthy and tumor sections [46] (Figures 3 and 4) . 
In Vivo Biodistribution Study
The tumor targeting performance of the EB3 antibody in SIP format was evaluated in the U87 human glioblastoma model using a radioiodinated protein preparation ( Figure 5) . Surprisingly, the antibody did not exhibit a preferential accumulation at the tumor site, while the anti-EDA antibody, used as positive control, exhibited a tumor:blood ratio of 14 at the same time point. In spite of the strong immunochemical staining results observed with the EB3 antibody, it appears that other determinants (e.g., antigen abundance accessibility and stability, as well as antibody affinity [47] ) may contribute to an efficient in vivo tumor targeting performance.
In our lab, we routinely measure immunoreactivity after labeling for those antibodies, for which reliable antigen resins can be produced, thanks to the availability of large amounts of antigen and of resin coupling protocols (e.g., extra-domains of fibronectin and of tenascin-C). Unfortunately, we could not produce antigen resin for DLK1 due to a low yield of antigen expression. Thus, we cannot exclude loss of immunoreactivity upon labeling. Literature reports on the expression of DLK1 were based both on immunohistochemical analysis and on Northern blotting studies. These reports evidenced a strong expression of DLK1 in many fetal tissues [13] , but absence in almost all healthy adult tissues, with the exception of Langerhans islets of pancreas and of the adrenal gland [14, 15] . However, Kawakami and colleagues had previously documented DLK1 expression in proximal tubular cells of normal kidney tissue [36] . Protein Atlas analysis of DLK1 expression in various tissues revealed variable staining levels in pancreas and adrenal gland, depending of the antibody, which was used for the analysis. This variability can be explained by the fact that these antibodies recognize different epitopes. In fact, one antibody was specific for the extracellular part of DLK1 while two were specific for the intracellular domain. In particular, Protein Atlas evidences DLK1 mRNA expression in both placenta and adrenal gland. However, strong immunostaining of these tissues is only observed using antibodies raised against the intracellular part of the human DLK1. In fact, when an antibody specific to the extracellular domain of DLK1 is used, the staining is reported to be low in both placenta and adrenal gland. This is in line with our findings of weak staining of placenta using SIP(EB3), which is specific to the extracellular domain of DLK1. In the case of adrenal gland, low abundance of the accessible DLK1 protein as well as the low affinity of SIP(EB3) may explain the absence of immunostaining using SIP(EB3). Also, two antibodies were polyclonal and different antigen staining patterns are sometimes observed when monoclonal antibodies area used [48] . In the literature, the expression of DLK1 is often limited to particular structures within an organ, as is the case in Langerhans islets of pancreas. It may therefore be possible that the lack of staining using SIP(EB3) stems from the absence of these specific structures in the tested tissues. Additionally, three gene-derived variants of DLK1 were observed as well as proteolytic fragments of the protein [30, 49] .
In our analysis, normal organs which were scored negative in immunofluorescence analysis included adrenal, ovary, pancreas, thyroid, brain cerebellum, brain cerebrum, lung, spleen, skin, uterus, cervix, breast, heart, skeletal muscle, kidney, stomach, small intestine, liver and salivary gland. The weak staining observed in placenta confirmed the ability of SIP(EB3) to recognize the cognate antigen human antigen in the freshly-frozen tissue microarray used for the study.
Tumor xenograft specimens stained with SIP(EB3) revealed abundant depositions of DLK1 in 786-0, SKRC-52, U87, SKOV-3, MDA-MB-231, H460, Caki-1 and A-375 cancers. In the majority of the cases (786-0, U87, SKOV-3. MDA-MB-231, H460 and A-375), a predominant stromal and vascular staining pattern was observed. The strongest staining intensity was observed for the 786-0 renal cell carcinoma tumor. Staining patterns of EB3 and F8 were similar for most tumors, but F8 generally gave a stronger signal in immunofluorescence, with the sole exception of 786-0 tumors. It is impossible to draw quantitative conclusions from these findings, as F8 is an affinity-matured antibody, with monomeric dissociation constant of 3 nM against its cognate antigen.
Protein Atlas analysis of DLK1 expression in human cancers revealed a positive staining only for a very small number of cases. The best results were observed in 4/12 lung cancer patients and only with one of the three antibodies that were used, with a nuclear staining pattern. The only human lung cancer xenograft (H460) studied in our analysis revealed a moderate staining around vascular structures (Figure 4) . We found antigen expression in xenografted kidney cancer (786-0 and SKRC-52), while these malignancies were generally DLK1-negative in the Protein Atlas analysis. We have previously reported differences between our own findings and Protein Atlas reports for other components of the tumor stroma (e.g., TSP1, TSP2, MMP1, MMP2 and MMP3) [48, 50] . These findings may be due to the fact that freshlyfrozen specimens were always used in our studies. In general, the availability of new antibodies helps validate antigen expression patterns, an important feature when biomedical applications are planned.
Our findings of strong DLK1 expression in kidney cancer is in conflict with previous reports, which documented absence of DLK1 mRNA expression in renal cell carcinoma cell lines, including Caki-1 [36] . Similarly, we observed an intense antigen staining in U87 cell line, for which DLK mRNA was not detected in the Protein Atlas cell line analysis. The reasons for this discrepancy, at present, are not clear. In addition, DLK1 transcript was absent from the majority of human tumor cell lines derived from ovary, breast, skin and blood [32] . However, the corresponding tumors (SKOV-3, A-375 and MDA-MB-231) exhibited strong staining with EB3 antibody. These findings raise issues with respect to the sensitivity of previous mRNA detection methods or to the origin of the protein (e.g., fibroblast vs. tumor cell production). While mRNA expression analyses of the tested tissues may be indicative of protein's presence, mRNA levels do not necessarily translate into protein [51, 52] . Therefore, reagents highly specific to the protein, e.g., antibodies, are essential for characterizing protein expression in tissues.
In summary, we found that the newly-developed EB3 antibody strongly stains freshly frozen sections of most tumors, while exhibiting only a weak staining of placenta and no detectable staining of 19 other normal adult human tissues. As a result of this analysis, DLK1 appears to be one of the few tumorassociated antigens, which exhibit a striking contrast between a very restricted pattern of expression in normal organs and a pan-tumoral staining potential. However, the dissociation constant of EB3 (Kd = 99 nM) is not sufficient for pharmacodelivery applications ( Figure 5) . Also, DLK1 in the blood was reported in the literature, which may impair tumor targeting using SIP(EB3). This limitation, however, may be overcome with the dose elevation of the injected antibody. Better tumor targeting results could also be expected if the antibody was submitted to an affinity maturation procedure (in full analogy to what we had previously reported for the clinical-stage L19, F8 and F16 antibodies [39, 53, 54] ) followed by testing in syngeneic tumor models.
Experimental Section
Cloning and Expression of Human DLK1-Fc Fusion Protein
The human DLK1 gene was amplified from the human placenta cDNA library using 5'-GCT GAA TGC TTC CCG GCC TGC-3' forward and 5'-CTG GCC CTC GGT GAG GAG AGG-3' backward primers. The extracellular part of DLK1, comprising aminoacids 24-303 (Supplementary Figure S1) , was amplified using 5'-TCC TCC TGT TCC TCG TCG CTG TGG CTA CAG GTG TGC ACT CGG CTG AAT GCT TCC CGG CCT GC-3' forward primer, and 5'-GTT TTG TCA CAA GAT TTG GGC TCC TGG CCC TCG GTG AGG AGA GG-3' backward primer. Hinge region, CH2 and CH3 domains of human IgG1 from the pcDNA3-L19-IgG1 vector [45] was amplified using 5'-GAG CCC AAA TCT TGT GAC AAA ACT CAC ACA TGC CCA CCG TGC CCA GCA CC-3' forward primer and 5'-TTT TCC TTT TGC GGC CGC TTA TTA CCC GGA GAC AGG GAG AGG C-3' backward primer. The PCR assembly of the two DNA fragments was performed using 5'-CCC AAG CTT GTC GAC CAT GGG CTG GAG CCT GAT CCT CCT GTT CCT CGT CGC TGT GGC-3' forward primer, and 5'-TTT TCC TTT TGC GGC CGC TTA TTA CCC GGA GAC AGG GAG AGG C-3' backward primer. This fragment was further inserted into a pCEP4 vector (Invitrogen) using HindIII-NotI restriction enzymes (NEB). The obtained vector was then used to transiently transfect human embryo kidney (HEK 293-EBNA) cells according to the established protocol [55] . Proteins were purified from the culture supernatant on Day 6 post-transfection, using protein A resin (Sino Biological), dialysed against PBS (pH = 7.4) and stored at −80 C.
Mass Spectrometric Analysis of Human DLK1-Fc Fusion Protein
Five micrograms of DLK1-Fc were diluted with MilliQ water, reduced with TCEP (Sigma) and alkylated with iodoacetamide (Thermo Fisher Scientific). The reaction was quenched with cysteine (Fluka), the samples diluted with trypsin digestion buffer (50 mM Tris-HCl, 1mM CaCl2, pH 8.0) and 0.08 µg sequencing grade-modified porcine trypsin (Promega) was added. Peptides were desalted, purified and concentrated with C18 microcolumns (OMIXs tips, Agilent) according to the manufacturer's guidelines, lyophilized and stored at −20 °C.
Mass spectrometric analysis was carried out with the 4800 MALDI TOF/TOF Analyzer (AB Sciex, USA). The resulting spectra were processed and analyzed using the Global Protein Server Workstation version 3.6 (GPS Explorer, Applied Biosystems), which uses internal MASCOT version 2.1 (Matrix Sciences, London, UK). The MS/MS data were searched against a database of the DLK1-Fc expression constructs and all human proteins downloaded from the UniProt website. Peptides were considered correct calls when the confidence interval was greater than 95%.
Screening of Phage Display Libraries and Selection of the Antibody
The recombinant DLK1-Fc fragment was biotinylated with EZ-link Sulfo-NHS-LC-biotin (Pierce) according to the manufacturer's instructions. Fourteen micrograms of the biotinylated DLK1-Fc fragment were captured by 60 mg of streptavidin-coated magnetic beads (Dynabeads, Invitrogen), followed by blocking with 2% bovine serum albumin (BSA) solution for 1 hour, at room temperature. After two washing steps, phage derived from the ETH2-GOLD library [44] were added to the DLK1-Fc-coated-beads and incubated for 3 h at room temperature under overhead rotation. Unbound phage particles were washed away with 5 washing steps with PBS-0.1% Tween followed by 2 washings with PBS. Elution of phage particles was performed using 100 mM solution of triethylamine. Subsequent TG1 E.coli infection and phage amplification was performed according to the established protocol [39] . Bacterial supernatants harboring soluble scFv fragments were screened by ELISA as published elsewhere [44] . In brief soluble scFv were detected using the anti-myc tag 9E10 mAb and anti-mouse horseradish peroxidase (HRP) immunoglobulins (Sigma-Aldrich) as secondary antibodies. Sixty microliters of BM-Blue POD substrate (Roche) were added to each well for detection by colorimetric reaction. The reaction was stopped by adding 30 μL of 1 M H2SO4. The absorbance was measured using a plate reader (VersaMax) by subtraction of value at wavelength 650 nm from 450 nm. Positive clones were further assessed for their ability to bind the immobilized antigen on a high-coating-density chip using surface plasmon resonance (SPR) on the BIAcore3000 instrument (GE Healthcare). The specificity of the isolated scFv to DLK1 over Fc domain was confirmed using ELISA and BIAcore analyses.
Characterization of scFv Antibody Fragments
Single chain variable fragments were expressed in TG1 E.Coli and purified by affinity chromatography from the culture supernatant using Protein A Sepharose (Sino Biological) as described previously [44] . Purified scFvs were characterized by SDS-PAGE and size exclusion chromatography (SEC) on S75 Superdex column (GE Healthcare).
BIAcore Analysis
Monomeric fraction of the scFv(EB3) from the SEC analysis was isolated and used for affinity measurement on the BIAcore CM5 chip coated with cognate antigen (DLK1-Fc), using BIAcore3000 instrument as described elsewhere [56] . Kinetic measurement of the scFv(EB3) was performed and binding curves were analyzed with the BIA Evaluation software.
Sequencing of scFv Genes
The DNA was amplified by PCR using primers 5'-CAG GAA ACA GCT ATG ACC ATG ATT AC-3' and 5'-GAC GTT AGT AAA TGA ATT TTC TGT ATG AGG-3' (Sigma). Sequencing was performed by GATC Biotech (Germany) according to the standard Sanger method.
Cloning and Expression of Small Immune Proteins (SIP)
Single chain variable fragments obtained from library screening were reformatted into a SIP format employing a previously described procedure [45, 57] . In brief, the scFv sequence was fused in frame with the sequence of the CH4 domain of the human IgE secretory isoform IgE-S2 using overlap extension PCR. The DNA fragment was inserted into pcDNA3.1 vector using HindIII-NotI restriction enzymes. The obtained plasmid was used to transiently transfect Chinese hamster ovary cells (CHO) as described elsewhere [58] . On Day 6 post-transfection SIPs were purified from the culture supernatant by affinity chromatography using Protein A Sepharose.
Immunofluorescence on Frozen Tissue Sections
Frozen human healthy tissue arrays were purchased from Amsbio (T6234700-5). Human tumor xenografts were grown subcutaneously and excised from BALB/c nude mice. Tumors were embedded in freezing medium (Microm) and stored at −80 °C until sectioned. Tissue sections (10 μm) were fixed for 10 min with ice-cold acetone, rehydrated with PBS and blocked with 20% FCS in PBS. Purified anti-DLK1 SIP(EB3) was applied to slices at a concentration of 5 g/mL in 3% BSA. The CH4 domain of SIP(EB3) was detected with rabbit anti-human-IgE IgG (Dako), which was then detected by Alexa Fluor 488 goat anti-rabbit IgG antibody (Molecular Probes). Blood vessels in tumor xenografts were detected with mouse anti-CD31 antibody (Invitrogen) followed by donkey Alexa Fluor 594 anti-mouse IgG antibody (Molecular Probes). Nuclei were counterstained with DAPI (Invitrogen). All commercial binding reagents were diluted according to the manufacturer's recommendation in 3% BSA solution. Rinsing with PBS was performed between all incubation steps. Slides were mounted with Fluorescent mounting medium (Dako) and analyzed with a Zeiss AxioVision 4.7 image analysis software (Carl Zeiss AG).
Biodistribution Studies
The in vivo targeting performance of SIP fragments was evaluated by a quantitative biodistribution analysis as previously described [59] . Briefly, purified antibody preparations were radiolabeled with 125 I using the Iodogen method [60, 61] and injected into the tail vein of BALB/c nude mice bearing s.c. implanted U87 tumor (about 10 g per mouse). Mice were sacrificed 24 h after injection. Organs were weighed and radioactivity was counted with a PackardCobra γ counter. Radioactivity content of representative organs was expressed as the percentage of the injected dose per gram of tissue (%ID/g).
Conclusions
Using combinatorial phage display libraries, we raised a fully human monoclonal antibody specific to DLK1. This antibody was used for an analysis of DLK1 expression in freshly frozen human healthy tissues as well as human tumor xenograft specimens. The analysis revealed that DLK1 may be considered as a target for antibody-mediated pharmacodelivery strategies, in view of its strong pan-tumoral staining, which is contrasted by a restricted expression pattern in healthy organs.
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